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[57] ABSTRACT

In a total internal reflection-type optical waveguide
switch which comprises optical waveguides crossing
each other so that a refractive index changing region for
developing a reflective surface is formed at a crossing
section between the waveguides, the refractive index
changing region has a configuration such that the re-
flective surface constitutes a concave surface recessed
with respect to one lateral portion of the crossing sec-
tion. When the refractive index changing region is not
activated, incident light upon the spot corresponding to
the reflective surface is insensitive to changes of the
refractive index in the refractive index changing region,
so that the initial crosstalk level can be lowered.

30 Claims, 6 Drawing Sheets
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1

TOTAL INTERNAL REFLECTION-TYPE OPTICAL
WAVEGUIDE SWITCH

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a total internal reflec-
tion-type optical waveguide switch, and more particu-
larly, to a total internal reflection-type optical wave-
guide switch lowered in the level of initial crosstalk at
the time of switching operation.

2. Description of the Prior Art

In the field of optical communication, a total internal
reflection-type optical switch is used for optical path
switching. A semiconductor-type optical waveguide
switch, as an example of this total internal reflection-
type optical switch, will now be described with refer-
ence to the accompanying drawings.

-
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FIG. 1 is a schematic plan view showing a conven-

tional example of the total internal reflection-type opti-
cal waveguide switch. In FIG. 1, two optical wave-
guides 1 and 2 cross at an angle 6, thus forming a cross-
ing section 3. If light is incident as indicated by arrow p,
optical waveguides 1¢ and 2¢ both function as inci-
dence-side optical waveguides, while optical wave-
guides 15 and 2) both function as emission-side optical
waveguides. A refractive index changing region 4 is
formed at the crossing section 3 between the optical
waveguides. -

The portion of each optical waveguide other than the
refractive index changing region 4 is constructed in the
manner shown in the sectional view of FIG. 2, which i1s
taken along line II—II of FIG. 1. If GaAs and AlGaAs
are used as semiconductor materials, for example, a
substrate 12 of GaAs is formed on the back of a lower

electrode 11, and n+GaAs 1s built up to form a buffer
layer 13 on the subsirate 12.
A lower cladding layer 14 of n+AlGaAs and a core

layer 15 of n—GaAs are successtvely formed on the
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buffer layer 13. Then, an upper cladding layer 16 of 40

n—AlGaAs and a cap layer 17 of n—GaAs are succes-
sively formed on the core layer 15, and are etched to
form a ridge-shaped optical waveguide. The whole
resulting structure is covered by an insulating film 18 of
Si0; or the like.

As shown in thé sectional view of FIG. 3, which is
taken along line III—III of FIG. 1, on the other hand, a
diffused region 4a is formed in the refractive index
changing region 4 by diffusing a predetermined amount
of an impurity, such as Zn, into the upper cladding layer
16 so that the impurity nearly reaches the core layer 13.
A slit-shaped insulating film aperture 18z is formed by
partially removing the insulating film 18, which covers
the surface of the crossing section 3, for a predeter-
mined width with respect to the longitudinal direction
of the crossing section 3. Then, an upper electrode 19 is
mounted on the insulating film aperture 18a.

In the case of this optical waveguide switch, if light is
applied to the incidence-side optical waveguide 2a, as
indicated by arrow p in FIG. 1, without causing any
operation between the upper and lower electrodes 19
and 11, the light directly advances straight through the
crossing section 3, and emerges from the emission-side
optical waveguide 2b, as indicated by arrow q.

If electric current of a predetermined value, for ex-
ample, is injected from the upper electrode 19 via the
insulating film aperture 182, however, the refractive
index of that portion of the core layer 15 which is situ-
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ated under the refractive index changing region 4 is
lowered. As a result, a boundary surface 4b between the
refractive mdex changing region 4, whose refractive
index i1s lowered, and the optical waveguides, whose
refractive index is not lowered, develops at the crossing
section 3. The boundary surface 45 is situated on a
straight line which bisects the intersection angle 6.

Accordingly, the incident light upon the incidence-
side optical waveguide 22 changes its optical path
toward the emission-side optical waveguide 15, with the
boundary surface 4b used as a reflective surface, as
indicated by broken line q' in FIG. 1, and then emerges
from the waveguide 1b. Thus, the boundary surface 45
of the refractive index changing region 4 is made to be
a totally reflective surface by the current injection, and
the light 1s totally reflected by this surface, so that a
switching function develops.

In the case of the optical waveguide switch described
above, however, the insulating film aperture has the
form of a sht, so that the boundary surface 4b of the
refractive index changing region 4, which is formed by
diffusing Zn through the insulating film aperture, has a
flat configuration.

At the crossing section 3, the refractive index chang-
ing region 4 contains different materials, so that the
refractive index of the remaining portions of the optical
waveguides 1s finely different from that of the region 4.
Even when no electric current is injected from the
electrode 19, therefore, the light incident upon the inci-
dence-side optical waveguide 2q is reflected or re-
fracted by the boundary surface 45, resulting in an opti-

cal loss. Thus, the initial crosstalk level in the through
state is high.

OBJECT AND SUMMARY OF THE INVENTION

'The object of the present invention is to provide a
total internal reflection-type optical waveguide switch
capable of reducing the optical loss at the time of
switching operation, thereby lowering the initial cross-
talk level.

In order to achieve the above object, according to the
present invention, there is provided a total internal
reflection-type optical waveguide switch which com-
prises optical waveguides crossing each other so that a
refractive index changing region for reflecting light is
formed at a crossing section between the waveguides,
the refractive index changing region having a concave
reflective surface recessed with respect to one lateral
portion of the crossing section.

At the crossing section of the total internal reflection-
type optical waveguide switch according to the present
invention, the boundary surface (reflective surface)
based on a refractive index difference caused by the
difference in material between the refractive index

changing region and the remaining portions of the opti-
cal waveguides is concave.

When the refractive index changing region is not
activated, therefore, light propagated from an inci-
dence-side optical waveguide to the boundary surface is
less sensitive to changes of the refractive index in the
refractive index changing region than in the case where
the boundary surface is flat, so that the initial crosstalk
level can be lowered.
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic plan view showing a conven-
tional total internal reflection-type optical waveguide
switch;

FIG. 2 1s a sectional view taken along line II—II of

FIG. 1;
FIG. 3 is a sectional view taken along line III—III of

FIG. 1;

FIG. 4 is a schematic plan view showing an embodi- 10

ment of an optical switch according to the present in-
vention;

FIG. 5 is a graph showing the switching characteris-
tics of the optical switch of FIG. 4;

FIG. 6 is a graph showing the switching characteris-
tics of a modification of the optical switch of FIG. 4;

FIG. 7 is a graph showing the switching characteris-
tics of another modification of the optical switch;

FIG. 8 is a schematic plan view showing another
embodiment of the optical switch according to the in-
vention;

FIG. 9 i1s a graph showing the switching characteris-
tics of the optical switch of FIG. 8;

FI1G. 101s a graph showing the switching characteris-
 tics of a modification of the optical switch of FIG. 8;
and

FIG. 11 is a schematic plan view showing still an-
other embodiment of the optical switch according to
the invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

FIG. 4 1s a plan view showing an example of a switch
according to the present invention.

The general construction of this switch differs from
that of the total internal reflection-type optical wave-
guide switch of the conventional construction shown in
FIG. 1 only in the configuration of the boundary sur-
face between the refractive index changing region 4 and
the remaining portions of the optical waveguides at the
crossing section. |

More specifically, the boundary surface of the refrac-
tive index changing region 4 is shaped so that the por-
tion thereof extending from an intersection Al between
incidence-side optical waveguides 1g and 2a to an inter-
section A2 between emission-side optical waveguides
15 and 2b has a concave which is recessed with respect
to that lateral portion of the crossing section 3 on the
side of the incidence-side optical waveguide 2¢ (and
emission-side optical waveguide 1), is shown in FIG. 4.

In this case, the concave may, for example, be a
curved surface defined by a circular arc having a fixed
curvature radius R or a curved surface defined by a
curve with a gradually varying curvature radius, such
as the circumference of an ellipse.

The following is a definite description of an example
of a method for manufacturing this optical switch.

As shown in FIGS. 2 and 3, for example, the buffer
layer 13 of e.g. n+GaAs, lower cladding layer 14 of e.g.
n+AlGaAs, core layer 15 of e.g. n—GaAs, upper clad-
ding layer 16 of e.g. n— AlGaAs, and cap layer 17 of e.g.
n—GaAs are successively built up on the substrate 12 of
n+tGaAs by the MOCVD process.

Then, the other portion of the surface except the
insulating layer aperture 18a of FIG. 4 is covered with
a masking matenal, and Zn is diffused through the aper-
ture 18¢ to form the Zn-diffused region 4e¢ which
reaches the upper surface of the core layer 15. The
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configuration of the diffused region 4a¢ includes the
curved surface which is curved between the intersec-
tions Al and A2 of FIG. 4 and defined by the circular
arc having the curvature radius R.

Thereafter, the masking material is removed, the cap
layer 17 and the upper cladding layer 16 are etched so
that the light to be guided is in a single mode, and the
incidence-side optical waveguides 12 and 2a, the emis-
sion-side optical waveguides 15 and 2b, and the crossing
section 3 are formed each in the shape of a ridge so that
the intersection angle is 0.

Subsequently, the insulating film 18 of e.g. SiO; is
formed on the whole surface of the resulting structure,
the portion corresponding to the insulating film aper-
ture 18a shown in FIG. 1is removed by etching, and the
upper electrode 19 of, e.g. Ti/Pt/Au, is mounted there.
Finally, the lower surface of the GaAs substrate 12 is
polished, and the lower electrode 11 of, e.g. AuGeNi-
/Au, 1s mounted thereon.

Although the semiconductors have been described as
the matenals of the switch, the present invention is not
Iimited to this, and the switch may alternatively be
formed of a dielectric material, such as LiNbQO3. If the
material composition of the refractive index changing
region is changed, moreover, switching operation can

be performed by applying voltage from the upper elec-
trode.

Embodiment 1

The buffer layer 13 of ntGaAs 0.5 pum in thickness,
lower cladding layer 14 of ntAlp2GapgAs 3.0 um in
thickness, core layer 15 of n—GaAs 0.8 wm in thickness,
upper cladding layer 16 of n—Alp2GapgAs 0.8 um in
thickness, and cap layer 17 of n—GaAs 0.2 82 m in
thickness were successively built up on the n+GaAs
substrate 12 by the MOCVD process. By doing this, an
optical switch, such as the one shown in FIG. 4, was
manufactured having the curvature radius R of 5 mm
and the intersection angle 8 of 4°.

FIG. 5 shows the switching characteristics of this
optical waveguide switch for the light of 1.55 um wave-
length.

In FIG. §, a circle represents the emission power
from the emission-side optical waveguide 2b obtained
when the light is applied from the incidence-side optical
waveguide 2a, and a black spot represents the emission
power from the emission-side optical waveguide 15.

When no electric current is injected from the upper
electrode 19, as seen from FIG. 5, the incident light
advances straight through the crossing section 3, and
propagates toward the emission-side optical waveguide
2b. As the injected current increases, the emission
power from the emission-side optical waveguide 15
increases, thus enabling switching operation at about
200 mA. |

As seen from FIG. 5, moreover, the initial crosstalk
level of this optical switch is about 18.5 dB. As com-
pared with about 9.2 dB for the initial crosstalk level of
the optical switch with the construction of FIG. 1 in
which the reflective surface of the refractive index
changing region is flat, this value indicates that the
optical loss of the resulting optical switch is very small.

Embodiment 2

An optical waveguide switch was manufactured in
the same manner as Embodiment 1 except that the semi-
conductor compositions for the lower and upper clad-
ding layers 14 and 16 were n+Alg 1GagoAs and n—Alg..
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1Gag.9As, respectively, core layer 15 of n—GaAs was
1.0 pm 1n thickness, and that the intersection angle 6
was 5°,

FI1G. 6 shows the switching characteristics of this
optical waveguide switch for the light of 1.55 um wave-
length. .

In FIG. 6, a circle represents the emission power
from the emission-side optical waveguide 256 obtained
when the light is applied from the incidence-side optical
waveguide 2, and a black spot represents the emission
power from the emission-side optical waveguide 1b.

As seen from FIG. 6, this optical switch starts the
switching operation at about 100 mA, and its imitial
crosstalk level 1s 16.0 dB.

Further, the operating crosstalk level of this optical
switch is 17.8 dB. Thus, both the initial and operating
crosstalk characteristics are highly improved.

In the case of an optical switch with the intersection
angle @ at 5° and its refractive index changing region
shaped as shown in FIG. 1, its initial and operating
crosstalk levels were 12.4 dB and 18.0 dB, respectively.

Embodiment 3

An optical waveguide switch was manufactured in
the same manner as Embodiment 2 except that the inter-
section angle 8 was 6°.

FIG. 7 shows the switching characteristics of this
optical waveguide switch for the light of 1.55 um wave-
length.

In FIG. 7, a circle represents the emission power
from the emission-side optical waveguide 256 obtained
when the light is applied from the incidence-side optical
waveguide 2a, and a black spot represents the emission
power from the emission-side optical waveguide 1b.

As seen from FIG. 7, this optical switch starts the
switching operation at about 130 mA, and its mnitial
crosstalk level is 18.7 dB.

Further, the operating crosstalk level of this optical
switch 1s 9.9 dB.

In the case of an optical switch with the intersection
angle & at 6° and its refractive index changing region
shaped as shown in FIG. 1, its initial and operating
crosstalk levels were 17.6 dB and 9.6 dB, respectively.

Embodiment 4

An optical waveguide switch was manufactured in
the same manner as Embodiment 2 except that the
crossing section 3 has a wide plane configuration having
parallel lateral portions, as shown in FIG. 8.

FIG. 9 shows the switching characteristics of this
optical waveguide switch for the light of 1.55 um wave-
length.

In FIG. 9, a circle represents the emission power
from the emission-side optical waveguide 26 obtained
when the light is applied from the incidence-side optical
waveguide 2a, and a black spot represents the emission
power from the emission-side optical waveguide 1b.

As seen from FIG. 9, this optical switch starts the
switching operation at about 80 mA, and its initial cross-
talk level is 15.5 dB.

Further, the operating crosstalk level of this optical
switch is 18.5 dB. Thus, both the initial and operating
crosstalk characteristics are highly improved.

In the case of an optical switch with the plane config-
uration of its crossing section 3 as wide as that of Em-
bodiment 4, the intersection angle 8 at 5°, and its refrac-
tive index changing region shaped as shown in FIG. 1,
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6

its initial and operating crosstalk levels were 13.2 dB
and 15.3 dB, respectively.

Embodiment 5

An optical waveguide switch was manufactured in
the same manner as Embodiment 4 except that the inter-
section angle 8 was 6°,

FIG. 10 shows the switching characteristics of this
optical waveguide switch for the light of 1.55 um wave-
length.

in FIG. 10, a circle represents the emission power
from the emission-side optical waveguide 2b obtained
when the light is applied from the incidence-side optical
waveguide 2q, and a black spot represents the emission
power from the emission-side optical waveguide 1b.

As seen from FIG. 10, this optical switch starts the
switching operation at about 110 mA, and its initial
crosstalk level is 17.6 dB.

Further, the operating crosstalk level of this optical
switch is 10.6 dB.

In the case of an optical switch with the construction
of Embodiment 5, the intersection angle 0 at 6°, and its
refractive index changing region shaped as shown in

FIG. 1, its initial and operating crosstalk levels were
17.3 dB and 8.1 dB, respectively.

Embodiment 6

An optical waveguide switch was manufactured in
the same manner as Embodiment 2 except that each
lateral portion the plane configuration of the crossing
section 3 was defined by the circumference of a circular
are with the curvature radius of S mm, and that the
intersection angle 6 was 4°. The initial crosstalk level of
this optical switch was 17.2 dB.

What is claimed is:

1. A total internal reflection-type optical waveguide
switch, made of semiconductor material, the optical
waveguide switch comprising:

a pair of semiconductor optical waveguides crossing
each other so that a refractive index changing re-
gion for reflecting light is formed at a crossing
section between the waveguides of said pair of
optical waveguides;

sald pair of optical waveguides and said refractive
index changing region all being made of laminated
layers of a semiconductor material, respectively;

an electrode on said refractive index changing region
for applying electrical energy to said refractive
index changing region; and

said refractive index changing region having a
smoothly curved concave reflective surface re-
cessed with respect to a lateral portion of said
crossing section.

2. A total internal reflection-type optical waveguide
switch according to claim 1, wherein said concave por-
tion is a curved surface defined by an arc of a circle.

3. A total internal reflection-type optical waveguide
switch according to claim 1, wherein the intersection
angle between said optical waveguides ranges from 4°
to 6°, and the curve defining said concave portion is a
circular arc having a curvature radius of 5 mm.

4. A total internal reflection-type optical waveguide
switch according to claim 1, wherein said refractive
index changing region 1s activated by current injection

from said electrode on said refractive index changing
region.
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5. A total internal reflection-type optical waveguide
switch according to claim 1, wherein said concave por-
tion 1s a curved surface defined by an arc of an ellipse.

6. A total internal reflection-type optical waveguide
switch according to claim 1, wherein said refractive
index changing region is activated by voltage applica-
tion from said electrode on said refractive index chang-
ing region.

7. A total internal reflection-type optical waveguide
switch according to claim 1, wherein:

said refractive index changing region contains a

larger amount of impurity than the remaining re-
gion, the impurity contained in said refractive
index changing region reaching a core layer of the
optical waveguide switch; and

a refractive index change being generated in the core

layer by means of current injection from said elec-
trode on said refractive index changing region.

8. A total mternal reflection-type optical waveguide
switch according to claim 7, wherein said refractive
index changing region is formed by diffusing an impu-
rity to a depth reaching the core layer.

9. A total internal reflection-type optical waveguide
switch according to claim 8, wherein said impurity
comprises Zn.

10. A total internal reflection-type optical waveguide
switch according to claim 7, wherein said concave por-
tion is a curved surface defined by an arc of a circle.

11. A total internal reflection-type optical waveguide
switch according to claim 7, wherein said concave por-
tion is a curved surface defined by an arc of an ellipse.

12. A total internal reflection-type optical waveguide
switch according to claim 7, wherein the intersection
angle between said optical waveguides ranges from 4°
to 6°, and the curve defining said concave portion is a
circular arc having a curvature radius of 5 mm.

13. A total mternal reflection-type optical waveguide
switch according to claim 1, wherein:

said refractive index changing region contains a

larger amount of impurity than the remaining re-
gion, the impurity contained in said refractive
index changing region reaching a core layer of the
optical waveguide switch; and

a refractive index change being generated in the core

layer by means of voltage application from said
electrode on said refractive index changing region.

14. A total internal reflection-type optical waveguide
switch according to claim 13, wherein said refractive
index changing region is formed by diffusing an impu-
rity to a depth reaching the core layer.

15. A total internal reflection-type optical waveguide
switch according to claim 14, wherein said impurity
comprises Zn.

16. A total internal reflection-type optical waveguide
switch according to claim 13, wherein said concave
portion 1is a curved surface defined by an arc of a circle.

17. A total internal reflection-type optical waveguide
switch according to claim 13, wherein said concave
portion 1s a curved surface defined by an arc of an el-
lipse.

18. A total internal reflection-type optical waveguide
switch according to claim 13, wherein the intersection
angle between said optical waveguides ranges from 4°
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to 6°, and the curve defining said concave portion is a
circular arc having a curvature radius of 5 mm.

19. A total internal reflection-type optical waveguide
switch according to claim 1, wherein:

said refractive index changing region contains a

larger amount of impurity than the rermaining re-
gion, the impurity contained in said refractive
index changing region reaching the vicinity of a
core layer of the optical waveguide switch; and

a refractive index change being generated in the vi-

cinity of the core layer by means of current injec-
tion from said electrode on said refractive index
changing region.

20. A total internal reflection-type optical waveguide
switch according to claim 19, wherein said refractive
index changing region is formed by diffusing an impu-
rity to a depth reaching the vicinity of the core layer.

21. A total internal reflection-type optical waveguide
switch according to claim 20, wherein said impurity
comprises Zn.

22. A total internal reflection-type optical waveguide
switch according to claim 19, wherein said concave
portion is a curved surface defined by an arc of a circle.

23. A total mternal reflection-type optical waveguide
switch according to claim 19, wherein said concave
portion is a curved surface defined by an arc of an el-
lipse. |

24. A total internal reflection-type optical waveguide
switch according to claim 19, wherein the intersection
angle between said optical waveguides ranges from 4°
to 6°, and the curve defining said concave portion is a
circular arc having a curvature radius of 5 mm.

25. A total internal reflection-type optical waveguide
switch according to claim 1, wherein:

said refractive index changing region contains a

larger amount of impurity than the remaining re-
gion, the impurity contained in said refractive
index changing region reaching the vicinity of a
core layer of the optical waveguide switch: and

a refractive index change being generated in the vi-

cinity of the core layer by means of voltage appli-
cation from said electrode on said refractive index
- changing region.
~ 26. A total internal reflection-type optical waveguide
switch according to claim 25, wherein said refractive
index changing region is formed by diffusing an impu-
rity to a depth reaching the vicinity of the core layer.

27. A total internal reflection-type optical waveguide
switch according to claim 26, wherein said impurity
comprises Zn.

28. A total internal reflection-type optical waveguide
switch according to claim 25, wherein said concave
portion is a curved surface defined by an arc of a circle.

29. A total internal reflection-type optical waveguide
switch according to claim 25, wherein said concave
portion is a curved surface defined by an arc of an el-
lipse.

30. A total internal reflection-type optical waveguide
switch according to claim 25, wherein the intersection
angle between said optical waveguides ranges from 4°
to 6°, and the curve defining said concave portion is a

circular arc having a curvature radius of 5 mm.
% * %k ¥ *
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